Sildenafil, a selective phosphodiesterase-type-5 (PDE-5) inhibitor, produces vasodilation that improves erectile dysfunction and pulmonary hypertension. Sildenafil could also cause baroreflex sympathetic activation that would enhance vascular tone and oppose direct vasodilation. We tested the hypothesis that sildenafil administration increases sympathetically mediated vascular tone in healthy middle-aged men.
Sildenafil citrate (Viagra, Revatio) is a selective inhibitor of cyclic guanosine monophosphate-specific phosphodiesterase-type-5 (PDE-5) approved for the treatment of erectile dysfunction and pulmonary arterial hypertension. [1] [2] [3] Inhibition of PDE-5 prolongs the action of cyclic guanosine monophosphate, resulting in enhanced smooth muscle relaxation and vasodilation in the corpus cavernosum, in vessels in the lungs, and in vessels elsewhere in the body. 4 Numerous studies have found that PDE-5 inhibition improves endothelial function. [5] [6] [7] [8] [9] [10] In healthy subjects, local intra-arterial administration of sildenafil into the brachial artery produces a modest dose-dependent increase in forearm blood flow (FBF), suggesting that PDE-5 plays a role in tonic constriction of resistance vessels. 11 Sildenafil also increases endothelium-dependent and -independent vasodilation in young smokers and nonsmokers. 12 Oral sildenafil, however, does not appear to affect venodilation or flow-mediated dilatation of conduit vessels. 13 Recent evidence demonstrates that sildenafil also enhances cyclic adenosine monophosphate (cAMP)-mediated vasodilation in healthy subjects, demonstrating ability to modulate action and effects of other PDE isozymes. 14 The therapeutic vasodilatory potential of PDE-5 inhibitors is being widely investigated. In addition to use for the treatment of erectile dysfunction and pulmonary hypertension, PDE-5 inhibitors are being investigated for use with other urologic and cardiovascular indications. 15 Studies have suggested that PDE-5 inhibitors may have a role in the treatment of hypertension and heart failure. 16, 17 However, PDE-5 inhibition has been shown in animal and human studies to increase sympathetic drive, 18, 19 which could limit the cardiovascular benefits. Our laboratory found that acute PDE-5 inhibition increased muscle sympathetic nerve activity and plasma norepinephrine (NE) in healthy volunteers. 18 An animal study demonstrated that injection of sildenafil into the central nervous system (lateral cerebral ventricles) of rats significantly heightened sympathetic nerve activity that was not baroreflex mediated. 19 In contrast, acute PDE-5 inhibition did not significantly increase NE spillover in patients with heart failure. 20 It is possible that sympathetic activation after PDE-5 inhibition may cause vasoconstriction that attenuates vasodilatory actions. However, the consequences of sympathetic activation depend on the type of tissue innervated (e.g., muscle versus fat vs. skin) and the dominant receptor subtypes in those tissues. Specifically, it is not known if sildenafil-induced sympathetic activation increases alphaadrenergic sympathetic vascular tone. Therefore, we tested the hypothesis that PDE-5 inhibition alters alpha-receptor sensitivity, beta-receptor sensitivity, and alpha-adrenergic sympathetic vascular tone in healthy, middle-aged men.
Methods subjects
We studied healthy, middle-aged, male subjects. Subjects were randomized to receive a single oral dose of 100 mg sildenafil or placebo in a double-blind fashion at 2 study visits separated by at least 4 days. Subjects were nonsmokers, normotensive, free of disease, and not taking any medications or vitamins. Fasting serum lipids and glucose were measured to rule out unrecognized hypercholesterolemia (total cholesterol < 240 mg/dl) or diabetes (glucose < 110 mg/dl). Informed written consent was obtained from each subject. The study was approved by the University of Iowa Institutional Review Board and complied with all institutional guidelines.
Measurements
Heart rate was measured continuously with a lead 2 electrocardiogram, and blood pressure was measured by an automatic sphygmomanometer (Lifestat 200; Physio-Control, Redmond, WA). Bilateral FBF was measured by venous occlusion plethysmography (EC4 Hokanson, Bellevue, WA) using indium/gallium-in-silastic strain gauges. 21 
Protocol and procedures
After a screening visit, all subjects were studied at similar times in the supine position after fasting for at least 12 hours. All studies were performed in a General Clinical Research Center Human Cardiovascular Physiology Laboratory, which was kept at a constant room temperature between 22 ºC and 24 ºC. Subjects were asked to refrain from caffeine for 12 hours, alcohol for 24 hours, and nonsteroidal anti-inflammatory drugs or antihistamines for 7 days before study sessions. Baseline FBF, blood pressure, and heart rate were recorded during 3 5-minute periods during a 30-minute baseline period before oral study drug administration. These variables were measured in an identical fashion 30 minutes, 45 minutes, and 60 minutes after study drug administration. FBF was not measured 60 minutes after study drug administration because intra-arterial infusions were being performed at that time. Immediately after study drug administration (and before measurement of variables 30 minutes after study drug), the brachial artery of the nondominant arm was cannulated with a 27 standard wire gauge steel cannula and then infused with normal saline.
sympathetic vascular tone responses
Forearm vascular reactivity studies were performed to evaluate the effect of PDE-5 inhibition on alpha-receptor sensitivity, cAMP-mediated vasodilation, and sympathetically mediated vascular tone. Forty-five minutes after study drug administration, NE (48 and 480 pmol/min; Bedford Laboratories, Bedford, OH), adenosine (ADEN) (30 and 300 mcg/min; Astellas Pharma, Northbrook, IL), isoproterenol (ISO) (25 and 250 ng/min; Hospira, Lake Forest, IL), and phentolamine (PHEN) (120 mcg/min; Bedford Laboratories, Bedford, OH) were infused intra-arterially. Each dose was given for 6 minutes, with the exception of PHEN (18 minutes). NE was infused to test alpha-receptor function; ADEN was a control vasodilator; ISO was infused to test the effect of sildenafil on cAMP vasodilation; and PHEN was used to test the effect of sildenafil on sympathetically mediated vascular tone. PHEN was given last because its maximal effect is not seen immediately. NE was always infused first to maximize washout time before PHEN administration. The order of ISO and ADEN was randomized and kept consistent for each subject at the placebo and sildenafil visits. After the PHEN infusion, NE (480 pmol/min) and PHEN (120 mcg/ min) were coinfused to test the extent of alpha-receptor blockade. Normal saline was infused for up to 20 minutes between intra-arterial drugs to allow blood flow to return to baseline. FBF responses were measured bilaterally (i.e., infused and noninfused arm). Forearm vascular resistance (FVR) was calculated by dividing mean arterial pressure by blood flow to account for confounding variables (e.g., hemodynamic changes) on resting vascular tone.
Plasma NE was determined before study drug administration, at 60 minutes after study drug administration, and at the end of the study session. Blood samples for NE determinations were collected in prechilled heparinized tubes and placed on ice. Plasma was immediately separated at 2800 rpm for 10 minutes and stored at −80 °C until the day of analysis. assays Plasma catecholamines were determined using highperformance liquid chromatography with electrochemical detection in the General Clinical Research Center Analytical Laboratory. 22 The inter-and intra-assay coefficients of variation were 3.4% and 3.1%, respectively, and the lower limit of detection was 25 pg/mL. Total cholesterol and serum glucose concentrations were measured using established methods by the University of Iowa Hospitals and Clinics Clinical Laboratory.
analyses Hemodynamics, electrocardiogram, and FBF were recorded simultaneously on a computerized data acquisition system (MacLab; AD Instruments, Colorado Springs, CO) in combination with a Macintosh Quadra 950 Computer (Apple Computer, Cupertino, CA). FBF was expressed as milliliters per minute per 100 ml forearm volume. To account for any systemic effects, forearm vasodilatory responses were expressed as absolute values or percentage change from baseline in the ratio between the infused arm and noninfused arm.
Results are expressed as mean ± SEM. Baseline differences between treatment groups (sildenafil vs. placebo) were determined using Wilcoxon signed rank tests for hemodynamic variables. Differences between treatment groups were determined using mixed model analysis for repeated measures (SAS version 8.2; SAS Institute, Cary, NC) for hemodynamic variables (heart rate, mean arterial pressure), plasma catecholamines, and resistance vessel responses to NE, ADEN, and ISO. A 2-way analysis of variance was used to analyze differences in FBF and FVR during PHEN infusion. The key variable for mixed model analysis was the group-bytime or group-by-dose interaction. Statistical significance was defined as P < 0.05 using 2-tailed tests.
results subjects
We enrolled 9 middle-aged male subjects (mean age 45 ± 2 years) who completed both study visits. Subjects had normal blood pressure, cholesterol, and serum glucose concentrations. Subject characteristics can be found in Table 1 .
hemodynamics and forearm vascular responses
Mean hemodynamic and forearm vascular response values before and 30, 45, and 60 minutes after study drug administration are found in Table 2 . Mean arterial pressure at baseline on sildenafil and placebo study days was similar (P = 0.82). Mean arterial pressure increased slightly from baseline over the 60-minute study period after placebo administration (mean change = +4 ± 1 mm Hg; P = 0.01) and was slightly reduced after sildenafil administration (mean change = −4 ± 1 mm Hg; P = 0.006) (P = 0.001, sildenafil vs. placebo). Heart rate was similar at baseline and slightly but significantly increased after sildenafil administration compared with placebo administration (P = 0.03). FVR at baseline was similar before sildenafil and placebo administration, respectively, and remained relatively unchanged over the subsequent 45-minute study periods (P = 0.16 sildenafil vs. placebo). FBF was similar at baseline and did not change significantly during the 45 minutes after sildenafil and placebo administration (P = 0.19 sildenafil vs. placebo).
Forearm skeletal muscle vascular responses to ne, aden, iso, and Phen
Infusion of vasoactive NE, ADEN, ISO, and PHEN into the brachial artery did not change blood pressure, heart rate, or noninfused arm FBF (results not shown). NE produced a dose-dependent decrease in FBF (Table 3 ) and a dosedependent increase in FVR, which were similar after sildenafil and placebo administration (Table 4) . Both ADEN and ISO produced dose-dependent increases in FBF (Table 3) and decreases in FVR, which were similar after sildenafil and placebo administration (Table 4) . FBF before PHEN was 2.7 ± 0.3 ml/min/100 ml at the sildenafil and 2.7 ± 0.2 ml/ min/100 ml at the placebo visits. FBF increased to 8.8 ± 1.2, 9.0 ± 1.1, and 9.4 ± 1.1 ml/min/100 ml during PHEN after sildenafil administration and increased to 7.1 ± 0.7, 7.3 ± 0.8, and 7.6 ± 0.9 ml/min/100 ml during PHEN after placebo administration (P = 0.04 sildenafil vs. placebo). Percentage reduction in FVR (P = 0.0002) and percentage increase in FBF (P = 0.01) were also significantly greater (approximately 35% relative difference in percentage increase FBF) during PHEN after sildenafil administration compared with placebo administration (Figure 1 ). Coinfusion of PHEN and NE completely prevented vasoconstriction seen with NE alone and, in fact, produced vasodilation, indicating that alpha-receptor blockade was maximal (Figure 2 ). 
Plasma ne
Plasma NE was similar at baseline before sildenafil and placebo administration (219 ± 29 pg/ml and 225 ± 28 pg/ ml, respectively). Plasma NE significantly increased after sildenafil administration (P = 0.0006) but not placebo administration (P = 0.12) at 60 minutes and at the end of the study session (Figure 3) . Compared with placebo, sildenafil increased NE over the study period (P = 0.02) (Figure 3) . A significant positive correlation was found between percentage increase in forearm blood flow during PHEN and plasma NE concentrations at the end of the study visit (Pearson r = 0.69; P = 0.005) (Figure 4 ).
discussion
The novel finding of this study is that sildenafil significantly increases sympathetically mediated resistance vessel tone in human subjects. In addition, sildenafil significantly increases plasma NE concentrations, confirming our previous findings that demonstrated sildenafil-induced sympathetic activation. 18 The positive correlation we observed between plasma NE concentrations and vasodilatation to PHEN infusion provides additional support for this idea and suggests that PDE-5-induced sympathetic activation is directed to the vasculature. In contrast with a previous study, 14 we did not find that PDE-5 inhibition influenced beta-adrenergicmediated vasodilation (via cyclic AMP). The increase in sympathetic vascular tone after PDE-5 inhibition cannot be explained by differences in alpha-receptor sensitivity because responses to intra-arterial NE were similar after sildenafil and placebo.
We have previously shown that sildenafil is associated with sympathetic activation in healthy male volunteers. 18 In this study, circulating NE levels were significantly elevated after sildenafil administration, consistent with our previous findings. Subsequently, an animal study demonstrated that injection of sildenafil into the lateral cerebral ventricles in rats significantly increased lumbar sympathetic nerve activity and sympathetic activation assessed by heart rate and blood pressure variability. 19 Sildenafil may be acting to increase SNA through the baroreflex, which seems likely given its vasodilator actions. Alternatively, central sympathetic activation induced by PDE-5 inhibition is possible because sildenafil crosses the blood-brain barrier 23, 24 and PDE-5 is found in the central nervous system. 25 Sympathetic activation after PDE-5 inhibition may be particularly problematic in populations known to have elevated baseline sympathetic nervous system activity, like heart failure. However, studies indicate that sildenafil is well tolerated in patients with heart failure over the long term 26 and that heart failure patients may not experience sympathetic activation Plasma norepinephrine concentrations (pg/ml) at baseline, 60 minutes after study drug administration, and at the end of the study session after sildenafil (open circles) and placebo (filled squares) administration. After sildenafil administration, plasma norepinephrine significantly increased compared with baseline and placebo and was significantly different from placebo at 60 minutes (P = 0.03) and at the end of the study session (P = 0.001) (P = 0.02 group × time interaction). Plasma norepinephrine did not significantly increase from baseline following placebo (P = 0.12). Abbreviation: ANOVA, analysis of variance.
with PDE-5 inhibitors. Whereas Piccorillo et al. 27 reported increased sympathetic modulation of sinus node discharge (heart rate variability) after sildenafil administration in heart failure patients, Al-Hesayen et al. did not find evidence of increased systemic sympathetic activation in patients with heart failure. 20 In fact, Al-Hesayen et al. reported that sildenafil reduced cardiac efferent sympathetic activity assessed by NE spillover. 20 Thus, sympathetic responses after PDE-5 inhibition may differ in various patient populations. As a result, it will be important to further characterize the sympathetic effects of PDE-5 inhibition in both healthy patients and in patients with different cardiovascular disorders. Sildenafil increased alpha-adrenergic sympathetic vascular tone compared with placebo in our study. A 35% increase in sympathetic vascular tone may be clinically relevant in patients with concomitant conditions and medications predisposing to hemodynamic instability. PDE-5 inhibitors have labeled interactions with alpha-adrenergic blockers and may produce significant hypotension when used concurrently. 3, 28 The effects of coadministration of PDE-5 inhibitors and alpha-blockers on blood pressure have been evaluated in a number of studies. 3,28-30 PDE-5 inhibitors do not appear to significantly reduce blood pressure when used concomitantly with the uroselective alpha-blockers tamsulosin and alfuzosin. 29, 30 However, when used with nonuroselective alpha blockers (doxazosin, terazosin), PDE-5 inhibitors have produced significant blood pressure reductions in some patients. 3, 28 Increasing evidence suggests that erectile dysfunction and lower urinary tract symptoms are associated, 31 and thus, patients may require simultaneous treatment with both alpha-blockers and PDE-5 inhibitors. The results of the current study support the premise that sympathetic activation maintains vascular tone after PDE-5 inhibition. Loss of adrenergic tone during alpha blockade may render certain patients more susceptible to significant hypotension. To our knowledge, this is the first study to document a mechanism for the pharmacodynamic interaction between alpha-blockers and PDE-5 inhibitors.
Similar to PDE-5 inhibitors, vasodilating agents also increase sympathetic activity that may cause significant, additive reductions in blood pressure with concomitant use. Direct vasodilators (hydralazine and nifedipine) increase sympathetic activity and produce additive reductions in blood pressure with alpha blockers. [32] [33] [34] However, because patients treated with nifedipine and hydralazine most often have high blood pressure, clinicians are monitoring blood pressure and expect reductions from dual therapy. In contrast, patients may be taking alpha-blockers for prostate issues and may not expect significant reductions in blood pressure with addition of a PDE-5 inhibitor.
Although we have demonstrated sympathetic activation after acute administration of a PDE-5 inhibitor, it is unknown whether PDE-5 inhibition maintains sympathetic activation with chronic daily use. Understanding sympathetic effects of chronic PDE-5 inhibition is important because patients are increasingly taking PDE-5 inhibitors daily for treatment of erectile dysfunction and pulmonary arterial hypertension on a chronic basis. Although PDE-5 inhibitors effectively reduce pulmonary artery pressures, improve exercise ability, and delay clinical worsening over 12 weeks, 35 PDE-5 inhibitor-induced sympathetic activation and elevated NE concentrations may have deleterious effects on pulmonary vessels over time. Pulmonary hypertension is characterized by remodeling of pulmonary arteries and arterioles and increased pulmonary vascular tone. 36 Proliferation of vascular smooth muscle cells and fibroblasts appears to underlie a portion of the vascular remodeling in pulmonary hypertension. Stimulation of alpha-receptors by NE may promote proliferation, hypertrophy, and movement of vascular smooth muscle cells and adventitial fibroblasts both in cell culture and in vivo. [37] [38] [39] [40] Recently, Faber et al. demonstrated that catecholamine stimulation of alpha receptor subtypes 1B and 1D contribute to vascular remodeling in an animal model of pulmonary hypertension caused by hypoxia. 33 A recent, long-term, open-label extension study followed subjects taking sildenafil for 3 years after an initial 12-week placebo-controlled clinical study. 41 After 3 years, 60% of patients improved or maintained their functional status. 41 Overall, these numbers are encouraging, but the data suggest that functional status declines in a subset of patients taking long-term sildenafil. Testing whether sympathetic activation is maintained during chronic PDE-5 inhibitor therapy will be important in elucidating the long-term benefits and possible deleterious effects of PDE-5 inhibitors in the treatment of pulmonary hypertension.
Unlike a previous Swiss study, we did not demonstrate differences in cAMP-mediated vasodilation after sildenafil and placebo administration. 14 Absolute forearm blood flow (Table 3) responses to isoproterenol after sildenafil and placebo administration in our study are comparable with the values from the Swiss study. However, after accounting for possible systemic effects of intra-arterial infusions and environmental influences (by evaluating the ratio of bilateral forearm blood flow responses) and hemodynamic changes (by evaluating FVR) during the study, forearm responses to ISO were similar between sildenafil and placebo in our study. Differences between these findings and others may be due to study design, age of the subjects studied, and possible ethnic differences in PDE-5 distribution within the cardiovascular system. Our findings suggest that PDE-5 inhibition does not augment cAMP-mediated vasodilation in healthy, middle-aged, American men.
Our study had multiple important strengths. First, all participants were free of disease, medications, and vitamins and had normal lipids, eliminating any confounding effect on endothelial function. Second, subjects studied were within the age range of a substantial proportion of patients who are prescribed sildenafil. Third, we employed a randomized, double-blind study design. The order of placebo and sildenafil and the order of administration for intra-arterial ADEN and ISO were randomized. Fourth, hemodynamics and forearm blood flow responses to vasodilators were measured within the time window when sildenafil serum concentrations were maximal. Fifth, differences in alpha-receptor sensitivity and blockade were excluded as reasons for differences in PHEN responses by infusing NE alone and with PHEN. Last, forearm blood flow was measured in both arms, ruling out any possible confounding systemic effects of intraarterially administered vasodilators or external influences.
There are limitations to our study. We measured responses to acute PDE-5 inhibition and not after chronic therapy. Future studies should evaluate sympathetic and vascular responses to PDE-5 inhibition after chronic therapy. Second, we measured vascular responses in forearm resistance vessels, which may not represent the responses in all vascular beds. Third, we only tested alpha-receptor sensitivity with NE, and not phenylephrine. Use of phenylephrine may avoid potential beta-adrenergic receptor-mediated vasodilation with NE. However, in our past studies, vasoconstriction with NE and phenylephrine was similar. 42 In addition, because we demonstrated similar beta-adrenergic mediation vasodilation to isoproterenol, we do not believe that differential beta-mediated vasodilation affected responses to NE. Lastly, our study evaluated healthy, middle-aged men and therefore these results cannot be extrapolated to women or to patients with cardiovascular disease or diabetes.
In conclusion, our study shows that sildenafil increases sympathetically mediated vascular tone and plasma NE concentrations in middle-aged men. Sildenafil slightly reduced blood pressure and slightly increased heart rate but did not significantly change resting forearm vascular resistance compared with placebo. Sympathetic activation directed to vasculature maintains vascular tone after PDE-5 inhibition and may explain the pharmacodynamic interaction between alpha blockers and PDE-5 inhibitors. 
